The most common corrosion testing procedures use flat test coupons fabricated from a given steel material. However, workpieces that undergo machining and finishing, especially those with complex geometry, may be more subject to surface degradation on their curved surfaces. In the long run, this may adversely affect the smooth operation of the tested component. This study investigates surface features of machined and finished chromium alloyed steel specimens with rather complex geometries. Changes in several important surface features (topography, roughness, cylindricity, chemical degradation rate and corrosion products) were all measured periodically (after 24, 96 and 192 hours) on several sets of manufactured carbon steel planetary axle specimens exposed to a chemically aggressive medium (aqueous NaCl spray) at 35 °C. In the neutral salt spray (NSS) testing cabinet the cylindrical parts of the chromium alloyed carbon steel shafts showed quite severe and uneven chemical degradation, with the formation of several iron oxide-hydroxide products (rust) observed together with some chromium compounds. After careful removal of the relatively loose corrosion products, the exposed bare shaft surface's geometrical changes showed steady (close to linear) increase in the roughness values throughout the duration of the corrosion tests. This chemical attack caused significant changes in the surface topography as well. It was found that the average values of roughness parameters after the 24hour test were about two and a half times higher than the original values, while they increased by four-fold in the 96-hour test and by approximately eightfold in the 192-hour test. Furthermore, it was found that the values of the 3D roughness parameters (Sa, Sz, Sq) are on average twice that of their 2D counterparts (Ra, Rz, Rq) on the corroded surfaces. Circularity and roundness error data showed a similar increase with salt-spray test time duration.
Introduction
Many rotating machine parts like steel shafts (e.g. planetary axles) built into different motor vehicles operating with narrow gaps between the shafts and their counterparts. As such machine elements should run for years without any major surface degradation (like wear and/or corrosion) causing the risk of operational malfunction, they should be properly designed, built, assembled and operated, paying attention to the initial surface finishing as well as to the everchanging actual surface state of the given steel rods (like rotating shafts) with elapsing time of operation. In this respect, the chemical impact of the environment can also be important, as car-Advances in Production Engineering & Management 14(4) 2019 bon steels are prone to corrosion and surface corrosion products may also adversely influence the operation of such steel machine elements.
In the literature, the relationship between corrosion and surface roughness is bidirectional. One part of the studies deals with the effect of the initial surface roughness of the part exposed to corrosion on the behaviour of corrosion and investigates the corrosion process [1] [2] [3] [4] [5] [6] [7] [8] [9] . The effect of initial surface roughness on corrosion has been investigated on workpieces of various material grades, such as AISI 304 stainless steel [2] , X70 high strength steel [3] , IN718 superalloy [4] , magnesium [5] , magnesium alloy [6] , aluminium alloy 6061 [7] and alloy 690TT, with large wt% content of nickel and chromium [8] .
The other group of studies analyses how corrosion exacerbates the surface roughness of the test component, such as in [9] . The relationship between the surface roughness and corrosion resistance of ferrite stainless steel 21Cr was identified by Lee et al. in [10] . Kostadin et al. [11] have investigated the role of chilled air-cooling in corrosion resistance during turning of martensitic stainless steel X20Cr13. Toloei et al. [12] showed that the smoother the surface is, the more resistive it is against corrosion, as the lower roughness acts as a better barrier to penetration of the aggressive electrolyte into the metal substrate. The surface roughness of steel pipes exposed to the corrosive effects of the marine environment was investigated by Gathimba et al. [13] . They also concluded that a relationship exists between surface roughness and corrosion degradation, and only surface roughness height parameters are correlated strongly with corrosion degradation.
This research project was designed to follow the changing surface condition of a given steel rod specimen (part of an electric motor) after keeping it in a salt-spray cabinet for different periods of time. Afterwards both the surface topography and the rate of corrosion were determined. The surface topography features investigated in the research were the surface roughness, circularity and cylindricity errors. The surface corrosion products were also analysed in order to be able to estimate their probable harmful effect during operation of such electrical motor elements in chemically highly aggressive/corrosive environments.
Materials and methods
The steel rod specimens were received from an automotive part manufacturer producing also electric motors, whose unused shafts were removed and sent to the testing laboratories. The chemical elementary composition of the specimens was analysed by a GD OES spectrometer type Profiler 2 using certified reference steel samples/etalons, and the measured composition is given in Table 1 . As can be seen from Table 1 , this type of steel also contains chromium in a relatively high percentage (> 1 %) in addition to the other common components of such a widely used C45 type round bar steel grade.
A simplified drawing of the tested part of the given planetary axle is shown in Figs. 1 and 2. The surface finishing of the manufactured rods was made by grinding to roughness values of Rz4 and Rz6.3 (Fig. 2 ). 
Specimen preparation
For determining the initial surface topography of the steel rod specimens, their original surface conditions were maintained as received (they were kept in a desiccator) and only a very light physical cleaning (de-dusting) preparation was applied before commencing the surface roughness measurements. Afterwards, the specimens were transferred to the corrosion testing laboratory, where all of the preparation steps were administered according to the ISO 9227 standard for neutral salt spray testing procedures.
For the selective removal of the corrosion products, the ISO 9227 recommendation was applied, i.e. the oxides-hydroxides (rust) of the corroded specimen surface were dissolved in an inhibited (with hexamethylenetetramine) HCl solution, playing special attention to avoid overpickling, i.e. partial dissolution of the bare steel after chemical solubilisation of the corrosion products.
Before measuring the topography data, the specimens were also thoroughly cleaned and then kept in the desiccator to avoid any re-oxidation and/or surface post-contamination.
Surface characterisation: Surface roughness
Surfaces of the samples were analysed by an Altisurf© 520 three-dimensional surface topography measuring machine. This equipment has three different measuring heads: an inductive gauge, an LH-G32 laser sensor and a CL2 confocal chromatic sensor (CCS) with an MG140 magnifier. The most accurate measuring head, the CSS sensor was used in the current investigations, as it can measure surface roughness of the order of 5nm [14] . Three measurement positions were defined on each section investigated (A-C, Fig. 2 ), and the measurements were performed in three angular positions at 120° from each other. The three angular positions were marked on the face of the rod. Thus, 18 profiles and 18 surfaces were recorded for each surface. Surface 1 has a roughness specification of Rz4, while Surface 2 has a more permissive tolerance of Rz6.3.
The investigated surface roughness parameters were mainly the prescribed maximum height of the roughness profile Rz and its 3D counterpart Sz, and some common roughness parameters as Ra, Rq and Sa, Sq in 3D. The 3D roughness parameters were included in order to be able to characterize the surface more precisely. The
The surface roughness measurement and evaluation parameters were selected according to ISO 4288:1996 and ISO 4287:1997 for profiles and ISO 25178-2:2012 for 3D measurements. Thus, the evaluation length was 4 mm for profiles and the cut-off length was λ c = 0.8 mm. 
Surface characterisation: Circularity and cylindricity errors
Circular and cylindricity error measurements were made on the Talyrond 365 Circular and Shape Error Measuring Equipment. During the measurements we determined the range of cylindricity and circularity error characteristics to be tested. For cylindricity deviations, these are: CYLt (peak to valley cylindricity deviation), CYLp (peak to reference cylindricity deviation), and CYLv (reference to valley cylindricity deviation) [15] . In the case of circularity errors, RONt (roundness total), RONp (roundness peak), and RONv (roundness valley) values were deter-mined. On the Surface 1 cylindrical surface, both cylindricity and circularity measurements were carried out along circles perpendicular to the axis of the cylinder corresponding to the A, B and C points selected. On the Surface 2 cylindrical surface the cylindricity error was measured at 5 places, of which only three (A, B, and C) places are shown here (Fig. 2) . To evaluate the measurement data, Taylor Hobson μltra software for the Taylor Hobson's Talyrond 365 gauging device was used.
Corrosion testing in neutral salt spray
In a neutral salt spray (NSS) testing chamber the specimens are exposed to a highly corrosive environment where tiny and fresh solution droplets (salty fog) continuously arrive to and wet the solid surface, maintaining a more or less coherent aqueous NaCl solution film containing dissolved oxygen as well. In such an artificial environment, which is somewhat similar to natural windy situations with precipitating salty water droplets close to the sea, carbon steel specimens start corroding according to the well-known electrochemical reaction mechanism that is thoroughly described, for example, in a recent review article of Alcántara et al. [16] . Namely, in the aqueous salt solution containing dissolved oxygen, there will be migrating tiny local anode and cathode sites with iron dissolution (oxidation to iron ions) and oxygen reduction, respectively. Then the iron(II) and iron(III) cations can react with the anions (first of all OHanions) present nearby with the formation of soluble and non-soluble oxide-hydroxides and other corrosion products depending on the actual local electrochemical reactions and physical transport circumstances (diffusion, solution flows, etc.). In the NSS chamber operated at the Corrosion Testing Centre of Starters E-Components Generators Automotive Hungary Ltd., the specimens were placed parallel to each other (Fig. 3) , and the operational parameters listed in Table 2 were used. 
Corrosion products testing phase analysis
As is often observed during NSS testing of such grade of steels, the specimens started rusting quite fast and after 96 hours exposure time much of the loosely and unevenly formed corrosion products could be relatively easily removed from the cylindrical surface of the corroded steel axles. The rust scrapings were homogenized, and the phase composition was determined by the X-ray powder diffractometer Bruker D8 Advance operated with the following parameters: Co Kα radiation, 40 kV cathode ray tube voltage and 40 mA current. The measured diffraction peaks were then identified, and the corresponding mineralogical phases are also shown on the XRD spectrum ( Fig. 11 ).
Results and discussion

Surface topography changes in roughness
Representative segments are indicated on the cylindrical surface of the 96-hour sample where the change in surface roughness can be traced on both on the initial and the corrosion tested surfaces. Surface 1 of Sample No. 3 at measurement position B and angular position 1 can be seen on Fig. 4 . It can be observed that the respective roughness parameters show an approximately four-fold increase after the testing. The investigated roughness values for different salt spray test durations are summarized in Table 3 , and the values are visualized in Figs. 5 and 6.
The roughness values increase remarkably as the test duration time becomes longer (Fig. 6 ). Several roughness parameters were evaluated during the surface roughness investigations of the corroded and then handled (i.e. cleaned and rust-freed) surfaces, namely the arithmetical means roughness Ra, the maximal roughness Rz, the root mean square roughness Rq and their 3D counterparts. It can be concluded from the measurement results that all 3D roughness values are always higher. This is because the corroded surface itself is very inhomogeneous, as can be seen in Fig. 4 . Here, Fig 4a shows the initial surface (before the corrosion test), which has a typical ground surface topography: the surface has a regular pattern, which comes from the grinding wheel structure and from the applied processing parameters. However, after the corrosion tests and rust removal procedure, the character of the surface significantly changes: the regular pattern has transformed into the irregular surface shown in Fig. 4b because of the previously mentioned surface inhomogeneity. However, the Rz values and their 3D counterpart Sz are of the greatest interest during this research, as these values were defined directly on the drawing as surface quality requirements. Therefore, only the Rz and Sz values are included in Figs. 5 and 6, but the nature of the change in roughness values with the salt spray test cycle time is very similar for the other roughness characteristics as well.
Based on the data it can be stated that the values of the roughness parameters are on average two and a half times higher (2.5) after the 24-hour test compared to their original values; they increased approximately four-fold (4.3) after 96 h and more than eight-fold (8.7) after 192 hours of salt spray testing. However, it is observed that the values of the 3D roughness parameters (Sa, Sz, Sq) are on average more than twice as high as their 2D equivalent (Ra, Rz, Rq) on the corroded surfaces. One possible reason for this can be that the corrosion appears crater-like at certain points on the surface and therefore has a high surface inhomogeneity, which is better detected by 3D roughness characteristics. The data from Table 5 shows that the longer the duration of the salt test was, the greater the value of the circularity error and the cylindricity deviation after the rust removal. This is observable on Fig. 8 as well, where the results after each test intervals are compared. Fig. 8 shows changes of RONt and CYLt parameters for the 96-hour salt spray test time for Surface 1 (A) and Surface 2 (C) for the three specimens. Similar results can be found on the other surfaces of the examined samples. It is apparent from Fig. 8 that the measured CYLt peak to valley cylindricity deviation and the measured RONt roundness total error show very similar values, both for Surface 1 and for Surface 2. In addition, for the 24-hour and 192-hour salt spray test the deviations for Surface 1 were the greater, so further investigations are detailed only for Surface 1. Figs. 9 and 10 illustrate the relationship between the three cylindricity deviation parameters for Surface 1, as well as the three circularity error parameters and the salt spray test cycle time. It is clear that with the increase in salt spray test time, the nature of increase in both the cylindricity deviation and the circularity error is almost identical. Applying Equation (1), the deterioration factor can be calculated for CYLp, CYLt, RONp, RONt as well (Table 6 ). We found that the value of the deterioration factor for CYLt becomes approximately 3.1 times higher when the salt spray test time was 192 hours related to the value which resulted at 24 hours. This ratio is approximately 5.2 when examining the RONt circularity error parameter.
Changing of circularity errors and cylindricity deviations
Surface corrosion products (Fe-Cr-O-OH phases)
Smooth and reliable operation of any machine part requires special attention also to the risk of chemical surface degradation, and hence deformation due to corrosion. The changing rate of corrosion with exposure time and the many different forms of corrosion products -even in the "simple" case of iron base alloys -increases the importance of testing actual examples closely related to industrial applications of steels. The tested type of common carbon steel was additionally alloyed with chromium, an element whose chemical affinity to oxygen is much higher than that of iron. For the simplest cases, i.e. after calculating [17] the relevant standard formation Gibbs energies (ΔGᶱ) of the two metal trioxides at 25 ᵒC, it was found that ΔGᶱ(Cr 2 O 3 ) ≈ -1053 kJ/mol and ΔGᶱ(Fe 2 O 3 ) ≈ -741 kJ/mol, so it is not surprising that oxide components containing chromium were also found amongst the corrosion products. While studying the influence of chromium on the flow-accelerated corrosion behaviour of four different low alloy steels (C ≈ 0.08 %, and Cr ≈ 0, 0.5, 2, and 5 %, respectively) in 3.5 % NaCl solution, Jiang et al. [18] observed no significant difference in weight loss between the carbon steel and Cr-containing steels in stagnant solution; however, with flowing (0…2.4 m/s) solutions the carbon steel exhibited the highest weight loss. Among the corrosion products they could identify the following major phases: FeOOH/Fe(OH) 3 addition to the iron chromite (FeCr 2 O 4 ). They also mention some kind of chromium enrichment of the corrosion products, which is in line with our EDS results observed at the more extensively rusted spots of the tested Cr-containing carbon steel axle. At these spots a stronger adhesion of the Cr-containing corrosion products can also be assumed. In the salt spray environment (i.e. in the NSS chamber) quite many insoluble corrosion products containing iron were formed together with some encapsulated water soluble components (like NaCl), which could be detected and identified by the applied x-ray diffraction technique (Fig. 11 ). Distribution of the corrosion products formed on the cylindrical surface is rather uneven and the presence of chloride was detected by means of EDS microprobe analysis. In the X-ray diffraction peaks iron (III) chloride and -oxychloride could be clearly identified together with some NaCl(s) inclusions (halite crystals). This reflects well the widely stated contribution and strong influence of the chloride ions in the corrosion mechanism of many metals in an aqueous environment in contact with air [19] . At least part of the highly water-soluble metal chlorides -often formed as chloride intermediates during a rather complex surface oxidation process of an iron base alloywill migrate and can also be washed away from the corroding interface (anodic local areas) by moving streams of the liquid environment. This effect can also reduce somewhat the overall growth rate of the often only loosely adhered non-soluble corrosion products of the otherwise highly porous rust layer(s). After careful removal of the adhered rust from the corroded specimens, the exposed remaining topography of the bare metal also revealed the uneven formation of rust with varied chemical composition.
As to the roughness of the surface, it can be stated that with the increase in the duration of the corrosion tests, the roughness of the corroded surface increases. However, the roughness of the corroded surface can be measured only after the proper corrosion removal procedure, which has a significant effect on the surface topography as well. Therefore, the careful selection of the proper corrosion removal procedure is important.
Conclusions
Based on our extensive and detailed experimental studies the following major conclusions could be drawn:
 Neutral salt spray (NSS) corrosion testing of a precision machined cylindrical chromium alloyed steel shaft revealed uneven surface degradation.  Hence, in addition to identification of the surface corrosion products (listed in Fig. 11 ), experiments revealed that it is very important to determine also a detailed surface topography for the type of machine components due to their rather complex nature and the uneven degradation mechanism of the tested environment.  It was also observed that the initial roughness of the surface affects its corrosion behaviour during NSS testing. On the basis of the measured data it can be stated that the values of the roughness parameters were two and a half times higher (2.5) after the 24-hour test; those were increased four-fold (4.3) after the 96-hour test and more than eight-fold after 192 hours (8.7). It was observed that the values of the 3D roughness parameters (Sa, Sz, Sq) are on average twice as high as their 2D equivalents (Ra, Rz, Rq) on the corroded surfaces. This is because corrosion appears as small craters at certain points on the surface and therefore the surface has high inhomogeneity, which is better detected by 3D roughness characteristics.  Moreover, the NSS medium affects not only the roughness parameters but the form errors of the steel shaft as well. It was determined that the value of the deterioration factor for CYLt becomes approximately 3.1 times higher when the salt spray test time is 192 hours related to the value which resulted at 24 hours. This ratio is approximately 5.2 when examining the RONt circularity error parameter.  The investigations presented in the paper may help automotive companies to become more aware of the nature of corrosion on surfaces and to produce more corrosionresistant components.
